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A b s t r a c t  
 
A	 system	using	 a	 neutron	 sensor	 installed	within	 a	Remotely	 Operated	 Vehicle	 (ROV)	 for	 underwater	 inspection	 has	 been	 developed.	 The	 system	
can	 inspect	 objects	 for	 the	 presence	 of	 threat	 materials,	 such	 as	 explosives	 and	 chemical	 agents,	 by	 using	 alpha	 particle	 tagged	 neutrons	 from	 a	
sealed	tube	dþt	 neutron	generator	to	produce	characteristic	gamma	rays	within	the	interrogated	object.	
Here	 we	 show	 that	 the	 measured	 gamma	 spectra	 for	 commonly	 found	 ammunition	 charged	 with	 TNT	 explosives	 are	 dominated	 by	 C,	 O	 and	 Fe	
peaks	enabling	the	underwater	determination	of	 explosives	inside	an	ammunition	shell.	
	
1. Introduction 
 
Since	World	War	I,	ammunition	and	chemical	weapons	have	been	
often	 disposed	 of	 by	 dumping	 in	 the	 sea.	 The	 amount	 of	 dumped	
materials	 presents	 a	 challenging	 problem	 regarding	 the	 safety	 and	
security	 of	 coastal	 and	 underwater	 areas	 as	well	 as	 ports	 and	 ships	
that	 has	 to	 be	 addressed	 and	 resolved	 by	 new	 specialized	 products	
and	 methods.	 The	 challenge	 of	 the	 research	 described	 here	 was	 to	
provide	 advanced	 	 tools	 for	 fast	 and	 robust	 	 non‐destructive	 in‐situ	
inspection	 of	 underwater	 objects	 in	 terms	 of	 chemical	 analysis.	
Besides	 chemical	 composition,	 this	 analysis	 can	 provide	 information	
on	the	size	of	the	object,	as	well	as	about	the	volume	of	the	analyzed	
substance	 contained	 by	 the	 object.	 This	 enables	 planning	 of	 the	
appropriate	clearance	actions,	 saving	divers	 from	 the	dangerous	ﬁrst	
contact	 with	 objects	 such	 as	 military	 explosives	 and	 	 chemical	
weapons.	 Commonly	 used	 military	 explosives	 are	 characterized	 by	
the	 presence	 of	 only	 four	 chemical	 elements,	 carbon	 (C),	 hydrogen	
(H),	nitrogen	(N)	and	oxygen	(O),	inside	an	investigated	object	such	as	
a	 mine,	 shell,	 or	 grenade	 made	 of	 iron	 (Fe)	 or	 aluminum	 (Al).	 The	
presence	 of	 phosphorus	 (P),	 sulfur	 (S),	 chlorine	 (Cl),	 ﬂuorine	 (F),	
arsenic	(As)	and	bromine	(Br)	in	an	iron	barrel	(identiﬁed	by	Fe)	or	a	
glass	 jar	 (identiﬁed	 by	 Si)	 can	 be	 related	 to	 the	 presence	 	 of	 	 CW	
agents	 [1#.	 The	ROV	 constructed	under	 the	EU	FP7	UNCOSS	project	
carries	 a	 14	MeV	 neutron	 sensor	with	 the	 associated	 alpha	 particle	
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detection	sensor	and	can	be	used	for	the	inspection	of	objects	lying	on	
the	sea	ﬂoor	containing	a	TNT	surrogate.	It	was	previously	established	
that	objects	can	be	easily	distinguished	from	the	background	[2].	The	
following	parameters	are	of	 importance	 [3,4]:	
	
1. Distance	of	 the	object	(i.e.	explosive	charge)	from	the	neutron	
sensor	 due	 to	 the	 effect	 of	 fast	 neutron	 attenuation	 in	 sea	
water.	
2. Thickness	of	the	object’s	wall	(neutron	attenuation	in	the	iron	
shell,	 mainly,	 sometimes	 aluminum).	
3. Choice	of	 the	 tagged	neutron	beam	angle.	This	parameter	 can	
be	satisﬁed	either	by	
(i) rotation	of	the	neutron	generator,	or	by	
(ii) use	of	 a	multisectorial	alpha	particle	detector	 inside	 the	
neutron	 generator	 so	 that	 all	 angles	 are	 measured	
simultaneously.	
4. Proper	selection	of	 the	gamma	ray	detector.	
5. Choice	 of	 the	 part	 of	 the	 object	 to	 be	 scanned	 for	 the	
explosive/threat	 material	 presence	 (this	 can	 introduce	 addi‐	
tional	attenuation	or	 complete	miss	of	 the	explosive	 charge).	
	
	
The	three	most	important	requirements	for	the	ROV	to	function	
properly	are	
	
1. ROV	 stability	 during	 the	 measurement	 time	 (	>10	 min)	
with‐	 out	 touching	the	object.	This	was	ensured	by	 landing	
the	ROV	
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above		 the		 inspected		 object		 on		 four		 hydraulic		 legs		 whose	
length	was	 remotely	 controlled	 [5].	
2. Fine	positioning	of	the	ROV	(cm‐scale).	This	was	performed	by	
the	use	of	8	brushless	thrusters.	
3. The	 requirement	 that	 the	 position	 and	 size	 of	 the	 explosive	
charge	 (or	 other	 threat	 material)	 could	 be	 determined	 by	
neutron	generator	rotation.	
	
	
	
2. Data acquisition system performance 
 
The	neutron‐based	sensor	for	explosive	detection	is	composed	
of	 Russian	made	 ING‐27,	 a	 14	MeV	neutron	 generator	with	 3	x 3	
pixels	 associated	 alpha	 particle	 detector	 [6],	 a	 30	 cm	 detector	
shielding	 made	 of	iron,	 a	 3´ x 3´ LaBr3(Ce)	 gamma	 detector	 [7]		
and	the	data	acquisition	electronics	(DAQ),	speciﬁcally	developed	
for	 the	 UNCOSS	 project	 [8]	 .	 The	 tagged	 	 neutron	 	 beam	 	 is	
directed	 under	 a	 451 angle	 with	 respect	 to	 the	 inspected	 object	
(see	Fig.	1).	
The	 neutron	 system	 is	 located	 inside	 the	 ROV	which	 is	made	
from	a	carbon	ﬁber.	The	ROV	also	 includes	a	 titanium	window	in	
order	 to	 avoid	 the	 interaction	between	 the	 tagged	neutron	beam	
and	 the	carbon	 from	 the	ROV	hull,	 since	 carbon	 is	a	key	element	
for	explosive	detection	(see	Section	4).	
	
	
		
Fig. 1. Graphical	 presentation	 of	 the	 inspection	 setup.	
The	 linearity	 of	 the	 neutron	 sensor	was	 veriﬁed	 by	 recording	
the	 number	 of	 counts	 in	 the	 4.439	MeV	 carbon	 peak	 in	 a	 ﬁxed	
graphite	 target	as	a	 function	of	neutron	emission	and	by	 increas‐	
ing	the	rate	up	to	the	maximum	value	of	5.8	x 107	 n/s	allowed	by	
the	ING‐27	generator.	In	addition,	it	was	veriﬁed	that	count	losses	
were	 negligible	 by	 placing	 a	 ﬁxed	 60Co	 source	 near	 the	 gamma	
detector	 and	 by	 recording	 the	 counts	 in	 the	 1.33	MeV	 peak	 as	 a	
function	of	the	neutron	emission.	These	preliminary	tests	demon‐	
strated	 the	 good	 linearity	 and	 stability	 of	 the	 sensor.	 The	overall	
time	 resolution	 of	 the	 DAQ	 system	 was	 3	 ns	 (FWHM).	 This	
allowed	 eliminating	 the	 contribution	 of	 the	 iron	 walls	 of	 the	
neutron	 generator	 (thickness	 of	 a	 few	 mm	 [6],	 see	 Fig.	 2).	 The	
overall	time	resolution	observed	on	the	narrow	peaks	of	Fig.	2	is	a	
result	 of	 a	DAQ	 resolution,	 alpha	 and	 gamma	detector	 resolution	
(._ 1.3	ns	for	the	LaBr	detector),	and	the	iron	wall	thickness.	
	
	
3. Alpha pixel mapping and UXO positioning 
 
A	large	graphite	target	(10	x 50.5	x 40	cm3)	was	placed	below	
the	ROV	 to	 co‐relate	 the	 relative	 efﬁciency	of	different	 tagged	
neutron	beams	associated	to	different	alpha	pixels	of	the	neutron	
generator.	 Fig.	 3	 shows	 that	 pixels	 #2	 and	 #3	 are	 the	 most	
effective	 ones;	 pixel	 #2	 just	 below	 the	 gamma	 detector	 logically	
showing	the	maximum	signal.	
In	 addition,	 it	 must	 be	 noted	 that	 some	 tagged	 beams	 are	
directed	 at	 regions	 which	 are	 partially	 shielded	 with	 respect	 to	
the	gamma	detector	because	of	 the	ROV	hull	 (for	 instance	pixels	
#1,	#4	and	#7	are	partially	masked	by	the	ROV	hull).	
In	 order	 to	 ﬁnd	 the	 optimal	 position	 for	 real	 measurement	
conditions,	 the	 experiment	was	 carried	 out	with	 a	 carbon	 target	
(10	x 10	x 10	cm3)	placed	under	the	ROV	and	moved	in	the	X and	
Y directions.	Fig.	4	presents	the	carbon	peak	counts	by	the	alpha	
pixels	 #2	 and		#5.	 It	 shows	 that	 the	 tagged	 neutron	 beam	 long‐	
itudinal	axis	(i.e.	parallel	to	the	longer	axis	of	the	titanium	plate),	
which	is	at	X= 0	cm,	is	shifted	to	X = - 5	cm.	
The	5	cm	shift	is	due	to	the	fact	that	the	tagged	neutron	beam	
axis	 is	not	exactly	perpendicular	 to	 the	alpha	detector	plane.	The	
reason	 for	 this	 deviation	 is	 the	 residual	 kinetic	 energy	 of	 the	
deuterium	 ions	 colliding	 with	 the	 tritium	 target	 	 inside	 	 the	
neutron	 generator	 (see	 for	 instance	 Ref.[9]).	 Therefore,	 the	 opti‐	
mal	 UXO	 (unexploded	 ordnance)	 positioning	 below	 the	 	 ROV	 	 is	
just	 below	the	 gamma‐ray	 detector	 (Y = 0)	 and	 on	the	 neutron	
beam	axis	 (X =- 5	cm).	The	 5	cm	 shift	 has	 been	 corrected	 in	 the	
	
	
	
	
Fig. 2. Newly	developed	DAQ	(on	the	left)	and	time‐of‐ﬂight	(TOF)	spectrum	showing	narrow	peaks	associated	to	the	few	mm	thick	iron	walls	of	the	neutron	generator	
(on	the	right).	
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Fig. 3.  Alpha	 pixel	 map	 (left)	 corresponding	 to	 the	 counts	 in	 the	 4.439	MeV	 carbon	 peak	 induced	 by	 the	 different	 tagged	 neutron	 beams	 from	 the	 plan	 graphite	 target	
located	 5	cm	 below	 the	 ROV	 titanium	window	 (right).	
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beam	 as	 well	 as	 to	 minimize	 the	 thickness	 of	 the	 seawater	 layer.	
This	reduced	the	oxygen	contribution	to	the	measured	spectra,	thus	
increasing		 sensitivity.		 As		 a		 result		 of		 the		 previous		 alpha		 pixel	mapping		presented		in		Fig.		3,		central		pixels		#2,		#5		and		#8		were	
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selected	 for	 data	 acquisition.	 The	 measurements	 were	 carried	 out	
with	two	identical	cylinders,	16	cm	diameter	and	12	mm	thick,	ﬁlled	
with		~ 11	kg	 of	 local	 sediments	 from	 the	 Punat	 test	 site	 and	with	
~ 13	 kg	 of	 TNT	 surrogate	 with	 the	 composition	 C7H6N3O6.	 Addi‐	
tional	 tests	 were		performed	 with		an	 airplane		bomb	(diameter		of	
20	cm	 and	 iron	 thickness	 of	 2	mm)	 ﬁlled	 with	~ 30	kg	 of	 another	
TNT		surrogate		with		 the		composition			Si3C7H3N3O6	 	 	 and			with			a	
120	mm	 grenade	 ﬁlled	with	 ~ 3	kg	 of	 the	 C7H6N3O6	TNT	 surrogate.	
The	TNT	surrogate	has	been	selected	for	the	experiments	since	TNT	
is	 the	most	 common	explosive	 found	 in	ammunition	present	on	 the	
sea	ﬂoor	[3,4].	
Fig. 4. Number	of	 counts	 in	 the	4.439	MeV	 carbon	peak	according	 to	X‐axis	
position	of	the	10	x 10	x 10	cm3	graphite	cube.	
	
	
ﬁnal	 setup	 by	 slightly	 rotating	 the	 neutron	 generator	 inside	 the	
ROV,	thus	also	improving	the	signal	of	pixels	#1,	#4	and	#7,	which	
were	partially	masked	by	 the	ROV	hull.	The	width	of	 the	projec‐	
tion	of	 the	tagged	beam	associated	 to	the	optimal	pixel	#2,	on	an	
inspected	 object	 located	 5	cm	 below	 the	 ROV,	 is	 approximately	
15	cm	 (FWHM).	
	
	
4. Experimental assessment for underwater inspection 
 
The	 preliminary	 underwater	 	 performance	 	 assessment	 	 tests	
were	 carried	out	 in	 the	Punat	 seaport	 on	 the	 island	of	Krk,	Croatia.	
The	 inspected	 objects	 were	 attached	 parallel	 to	 the	 ROV	 and	 the	
Fig.	5	shows	 the	time	and	energy	spectra	 for	 the	16	cm	diameter	
and	12	mm	thick	iron	cylinder	ﬁlled	with	TNT	surrogate	after	10	min	
acquisition	 time.	 The	 main	 characteristic	 peaks	 of	 iron	 (UXO	 shell),	
titanium	 (ROV	window),	 carbon	 and	 oxygen	 (TNT	 surrogate)	 can	be	
observed.	 With	 respect	 to	 laboratory	 measurements	 of	 the	 sensor	
stability	(see	Section	2),	underwater	inspections	were	performed	with	
a	 neutron	 emission	 rate	 of	 2.6	x 107	n	s- 1		 instead	 of	 the	maximum	
5.8	x 107	n	s- 1.	Indeed,	neutron	interactions	with	the	surrounding	
environment	 strongly	 increase	 the	 gamma	 detector	 count	 rate	 and	
the	associated	random	background,	the	last	rinsing	with	the	square	of	
neutron	emission.	
The	 relative	 proportions	 of	 carbon,	 oxygen	 and	 nitrogen	 are	
commonly	 used	 for	 explosive	 detection	 (see	 Refs.[10,11]	 and	 refer‐	
ences	therein).	However	 in	underwater	 inspection	of	thick	 iron	shells	
the	characteristic	peaks	of	nitrogen	(mainly	at	1.632	MeV,	2.313	MeV	
and	 5.106	 MeV)	 are	 strongly	 attenuated	 and	 in	 addition	 they	 are	
interfered	 by	 other	 lines	 such	 as	 the	 2nd	 escape	 of	 the	 6.130	MeV	
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Fig. 5. TOF	of	the	16	cm	diameter	and	12	mm	thick	iron	cylinder	ﬁlled	with	TNT	surrogate	(C7H6N3O6;on	the	left)	and	energy	spectra	(on	the	right)	measured	in	sea	water	
for	10	min	by	the	ROV.	Average	neutron	emission	was	2.6	x 107	n	s- 1.	
	
	
	
	
Fig. 6. Energy	spectra	of	the	16	cm	diameter	and	12	mm	thick	iron	cylinders	measured	for	10	min	in	sea	water	with	an	average	neutron	emission	of	2.6	x 107	n	s- 1	and	by	
selecting	the	central	alpha	pixels	#2,	#5	and	#8:	the	cylinder	ﬁlled	with	~13	kg	of	TNT	surrogate	(on	the	left)	and	an	identical	cylinder	ﬁlled	with	local	sand	(on	the	right).	
	
	
Table 1 
Net	peak	area	of	C,	O	and	C/O	ratios	measured	in	sea	water	by	selecting	the	central	
alpha	pixels	#2,	#5	and	#8	 for	 the	20	cm	airplane	bomb	and	 the	12	cm	grenade,	
both	ﬁlled	with	TNT	surrogates,	and	for	two	identical	16	cm	iron	shells	ﬁlled	with	
TNT	surrogate	and	with	local	sand.	Three	repeatability	tests	are	reported	for	the	
cylinders,	and	for	the	grenade	10	min	and	20	min	acquisitions	were	performed.	
	
Measurements C (4.439 MeV 
peak counts) 
O (6.130 MeV 
peak counts) 
C/O ratios  
Iron cylinder filled with TNT 252756	 167752	 1.5170.58	
surrogate (10 min) Run No.1 
Iron cylinder filled with local 90782	 406766	 0.2270.21	
sand (10 min) Run No.1 
Iron cylinder filled with TNT 539776	 365763	 1.4870.33	
surrogate (10 min) run No.2 
Iron cylinder filled with local 118781	 556760	 0.2170.15	
sand (10 min) Run No.2 
Iron cylinder filled with TNT 354765	 259746	 1.3770.35	
surrogate (10 min) Run No.3 
Iron cylinder filled with local 234793	 521766	 0.4570.19	
sand (10 min) run No.3 
Airplane bomb (10 min) 615766	 433745	 1.4270.21	
Grenade (10 min) 341795	 355753	 0.9670.30	
Grenade (20 min) 11587148	 7477104	 1.5570.29	 Fig. 7. Underwater	inspection	of	the	20	cm	diameter	airplane	bomb	at	the	depth	
        of	10	m.	
	
gamma			ray			of			oxygen,			at			5.108	MeV,			or			the			1.555	MeV			and	
2.375	MeV	peaks	 of	 titanium	 [12].	Therefore,	 for	 this	 application	we	
performed	 a	 simpler	 but	 much	 more	 robust	 data	 analysis	 based	 on	
the		carbon		4.439	MeV		and		oxygen		6.130	MeV		net		areas,		the		C/O	
surface	 ratio	 being	 used	 to	 discriminate	 between	 metallic	 objects	
containing	sediments	or	explosives.	Fig.	6	and	Table	1	show	that	 the	
C/O	 ratio	 allows	 the	 differentiation	 of	 a	 TNT	 surrogate	 from	 a	 sea	
sediment	inside	a	thick	iron	shell.	
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Fig. 8. Panels	of	the	data	analysis	software	corresponding	to	a	10	min	measurement	of	the	airplane	bomb	ﬁlled	with	TNT	surrogate	(Si3C7H3N3O6)	in	the	seawater,	with	an	
average	neutron	emission	of	3	x 107	n	s- 1		and	by	selecting	alpha	pixels	#3,	#6	and	#9.	
	
	
5. Field demonstration 
 
The	 ﬁnal	 demonstration	 tests	 were	 also	 performed	 in	 Punat,	
Croatia,	 on	 a	 speciﬁc	 location	 with	 a	 depth	 of	 10	 m.	 The	 ROV	
landed	 above	 the	 airplane	 bomb	 ﬁlled	 with	 the	 Si3C7H3N3O6	TNT	
surrogate	 without	 contact	 and	 the	 hydraulic	 legs	 allowed	 posi‐	
tioning	the	neutron	sensor	very	close	to	 the	 inspected	object,	see	
Fig.	7.	
In	 comparison	 to	 Table	 1	 reported	 above,	 Fig.	 8	 shows	 that	
the	 C/O	 ratio	 conﬁrms	 the	 presence	 of	 TNT	 surrogate:	 C/O¼ 
0.94470.157.	
This	value	is	a	bit	lower	than	the	one	reported	in	Section	4	for	
the	airplane	bomb	because	of	 the	 larger	contribution	of	seawater	
oxygen		in		the		energy		spectrum		due		to		a		water		layer		between	
the	ROV	 and	 the	 inspected	 object.	 Since	 the	ROV	 and	bomb	 axes	
were	 slightly	 shifted,	 pixels		#3,		#6		 and		#9		were		 used		 instead	
of	pixels	#2,	#5	and	#8	in	previous	measurements	(see	pixel	map	
in	Fig.	3).	
The	proposed	procedure	 in	 future	system	measurements	 is	 to	
perform	a	calibration	with	different	types	of	sediments	in	order	to	
determine	 the	 sediment	 vs.	 explosives	 discrimination	 threshold.	
For	 instance,	 in	 the	 case	 of	 the	 Punat	 sand,	 data	 reported	 	 in	
Table	1	show	that	this	threshold	was	around	C/O~ 0.5.	
	
6. Conclusion 
 
It	 has	 been	 shown	 that	 a	 neutron	 sensor	 with	 the	 ﬂux	 of	
tagged	14	MeV	neutrons	onboard	a	dedicated	ROV	can	be	used	for	
the	 inspection	 of	 objects	 on	 the	 sea	 ﬂoor	 loaded	 with	 TNT	
surrogate	 in	 a	 10	 min	 data	 	 acquisition	 period.	 Gamma	 rays	
resulting	 from	 irradiating	 elements	 present	 in	 the	 explosive	
(carbon,	 oxygen)	 within	 an	 investigated	 object	 (iron)	 were	 used	
for	 the	 conﬁrmation	 of	 explosive	 surrogate	 presence	with	 a	 very	
good	 spatial	 resolution	 (mm‐scale).	 The	other	 sensors	 (magneto‐	
meter,	 cameras,	 etc.)	 enabled	precise	ROV	positioning	 (cm‐scale)	
above	 the	 inspected	 object	without	 touching	 it.	
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